Introduction
Steam power plants need high chromium ferritic steel with higher creep strength to improve thermal efficiency. In order to improve the creep resistance of high chromium ferritic steels, we need to retard microstructural changes, such as the recovery of martensitic lath structures and the coarsening of precipitates. In particular, creep strength at long terms abruptly decreases due to microstructural degradation. New phases such as Laves and Z phases appear after long-term creep exposure. [1] [2] [3] [4] In 9-12 % Cr ferritic steels, the Z phase precipitates after creep exposure for about 10 000 h at 873 K. It is assumed that the formation of the Z phase causes an abrupt decrease in the creep strength since Z phase formation consumes MX carbonitrides, which are important strengtheners. 5, 6) Suzuki et al. reported that the Z phase is formed around prior austenite grain boundaries, and that Nb-rich MX disappears after long-term creep exposure in Mod.9Cr-1Mo steel. 7) Thus, we need to know the precipitation behavior of the Z phase to improve creep strength at the long term.
In actual power plants, Type IV cracking has been found in heat-affected zones in a modified 9Cr-1Mo steel after long-term service. 8) The creep strength of weld joints is related to that of the base material. It is necessary to assess accurately the long-term creep strength of the base material to maintain the safety of components in power plants. An abrupt drop in the creep strength at the long term is a problem in high chromium ferritic steels. 9) Recently, an assessment of the long-term creep strength and a review of the allowable stress of high Cr ferritic heat resistant steels have been conducted in Japan. 10) In order to assess accurately the long-term creep strength of high chromium ferritic steels, it is important to clarify the degradation mechanism of the creep strength by the formation of Z phases.
In high chromium ferritic steels, a Z phase was found after long-term creep by Strang et al. 3) A great deal of information about the Z phase such as the presence of a Z phase, the orientation relationship between the Z phase and the matrix, 11) the main metallic composition of the Z phase [12] [13] [14] [15] and the size distribution of the Z phase 16) has been reported by many researchers. Additionally, it has been observed that the Z phase precipitates after creep in both weld metals and the heat-affected zone. 17, 18) Danielsen et al. has established a thermodynamic model for the Z phase using experimental data and a literature survey. 19) We need to explain how the Z phase affects creep strength degradation based on previous work regarding the Z phase. However, the precipitation behavior of the Z phase mentioned above is different among various steels. The existing information on the Z phase is not enough for a discussion on the degradation mechanism of the creep strength since it is difficult to distinguish the Z phase from MX carbonitrides. (Received on December 5, 2005 ; accepted on February 6, 2006 ) The precipitation behavior of the Z phase was investigated after long-term creep exposure in ASME-T91, T92, T122 without d-ferrite, and T122 with d-ferrite through elemental mapping using EF-TEM. The Z phase was identified by comparing the Cr map with the V map. Most of the Z phase was observed around prior austenite grain boundaries and/or packet boundaries in all of the steels examined. In T122 with d-ferrite, the Z phase also precipitates around the d-ferrite. In particular, the number of MX carbonitrides was very small in T122 with a large amount of the Z phase. The main metallic composition of the Z phase in T91 was the same as that in T92. In T122, the Z phase contained a lower Nb content. The main metallic composition of the Z phase around the d-ferrite was the same as that in the other areas. There was no large difference in the size distribution of the Z phase among the steels. The mean diameter of the Z phases for T122 with dferrite was relatively large in spite of a shorter creep exposure in contrast with T91 and T92. The number density of the Z phases increased with increasing creep exposure time except in the case of T91. The order of the number density was T122 with d-ferrite, T91, T122 without d-ferrite, and T92. In crept samples, the amount of Z phase in the gauge portion was higher than that in the grip portion, meaning that stress and/or strain promotes the formation of a Z phase during creep exposure.
To remedy this lack of information, this paper systematically clarifies the precipitation sites, main metallic composition, size distribution, number density of Z phases, and the effect of stress and/or strain on Z phase behavior in four kinds of 9-12 % Cr ferritic heat resistant steels. In addition, the effect of the chemical composition of the steels on the precipitation behavior of the Z phase will be discussed.
Experimental Procedure
The steels examined were ASME-T91,T92 and T122 with and without d-ferrite. The chemical compositions and heat treatment conditions of the steels are given in Table 1 . All steels have a tempered martensite structure. T122 with 10.65 % mass% in Cr content (T122-s) includes no d-ferrite, while T122 with 12.10 % mass% in Cr content (T122-d) contains d-ferrite. The volume fraction of d-ferrite was evaluated to be about 5 %. 20) Creep tests were performed at 873 K under a constant load in air using specimens 6 mm in gauge diameter and 30 mm in gauge length. The microstructures were observed using a conventional TEM and an energy-filtered TEM (EF-TEM) at 200 kV. Extracted carbon replicas were prepared from the gauge and grip portions of crept samples for TEM observation. The compositions of the precipitates were analyzed by energy dispersive X-ray spectrometry (EDS). The diameters and number densities of the precipitates were evaluated in a selected area of 255 mm 2 for each sample. Figure 1 shows the applied stress and rupture time diagrams of the steels studied at 873 K. The creep strengths of T92 and T122 with tungsten are higher than that of T91. However, in the long-term region, the creep strength abruptly decreases in all of the steels. In particular, the drop in creep strength for T122-d is larger than that in the other steels. It has been reported that the Z phase precipitates after 10 000 h of creep at 873 K. 12) We selected samples that had crept for about 7 000 to 40 000 h to analyze the precipitation behavior of the Z phase.
Results and Discussion

Comparison of Creep Strength among the Steels Examined
Identification of the Z Phase
The Z phase contains mainly V, Nb, Cr and N, 3) while MX carbonitrides include V, Nb, C, N and a small amount of Cr. 12) We can distinguish the Z phase from MX carbonitrides through elemental mapping. Several researchers have reported 21, 22) that the Z phase can be identified by comparing Cr, V and N maps using EDS or EF-TEM methods. Bright field and energy-filtered images of Cr, V and N in the crept samples are shown in Fig. 2 . The high contrast particles in the Cr map are M 23 C 6 since M 23 C 6 contains mainly Cr and Fe. MX carbonitrides can be seen in the V and N maps. However, several particles indicated by arrows are present in both the Cr and V maps. Figure 3 is the EDS spectrum for the particles indicated by the arrows. This spectrum is in good agreement with typical EDS spectra of Z phases previously reported in the literature. 23, 24) In order to confirm whether the particles with strong contrast in the Cr and V maps are Z phase or not, the electron diffraction pattern of the particles was analyzed. Figure 4 shows the electron diffraction pattern for the particles that were regarded as a Z phase by elemental mapping. The particles were observed in crept samples for T92 and T122-d. A Z phase was identified based on electron diffraction patterns of the selected areas. The Z phase possessed a tetragonal unit cell with aϭ0.286 nm and cϭ0.739 nm, as reported by Strang et al. 3) In short, we can use elemental mapping as an identification method for the Z phase. In this study, we also obtained an EDS spectrum for all of the Z phases to investigate their metallic compositions.
Precipitation Sites of the Z Phase
The distribution of precipitates before creep exposure for all of the steels is shown in Fig. 5 . The particles were colored based on the elemental maps of Cr, V and N. Prior austenite grain boundaries and/or packet boundaries predicted by the distribution of precipitates are also shown as Table 1 . Chemical compositions (mass%) and heat treatment conditions of the steels examined. dashed lines in the figure. M 23 C 6 (red particles) and MX carbonitrides (blue particles) were observed in all steels. M 2 X (black particles) was seen in T122-d. It has been assumed that MX carbonitrides are located inside lath grains. However, a recent study indicated that MX carbonitrides are present not only inside lath grains, but also at prior austenite grain boundaries, packets and block boundaries. 15, 25) In Fig. 5 , MX carbonitrides are also distributed around prior austenite grain boundaries and/or packet boundaries in all of the steels. In addition, MX carbonitrides were also present at boundaries between martensite and d-ferrite in T122-d. Figure 6 shows the precipitate distributions in the gauge portion of crept samples for all of the steels. The dashed lines are the predicted prior austenite grain boundaries and/or packet boundaries. The Laves phases are not shown in the figure since it is difficult for EF-TEM to provide elemental maps of W and Mo forming Laves phases. The green particles indicate Z phases identified by comparing the Cr and V maps. It was confirmed by EDS that all of the green particles have a similar typical spectrum for the Z phase. In all of the steels, the Z phase is mainly located around prior austenite grain boundaries and/or packet boundaries. A large number of Z phases are also present around the d-ferrite in T122-d. The Z phase formation consumes the MX carbonitrides, since the main metallic composition of the Z phase is similar to that of MX carbonitrides. Indeed, the number of MX carbonitride particles is very small in T122-d, which has many Z phases. Therefore, MX carbonitrides at prior austenite grain boundaries and boundaries between martensite and d-ferrite, shown in Fig.  5 contribute to the formation of Z phases after long-term creep.
Consequently, Z phase formation after long-term creep can decrease the strength of the area around prior austenite grain boundaries and d-ferrite due to the disappearance of MX carbonitrides.
Main Metallic Composition of the Z Phase
The Nb-V-Cr balance of all Z phase particles of crept samples in all steels are compared in Fig. 7 , although the Z phase contains several mass percent of Fe, as discussed later. The main metallic composition of the Z phase in T91 is in good agreement with that in T92. On the other hand, a Z phase with a lower Nb content is observed in T122-s and T122-d in contrast with T91 and T92. The mean metallic compositions of the Z phases are summarized in Table 2 . The Nb and Cr contents of T122 are lower and higher than those of T91 and T92, respectively. The main difference between T122, T91 and T92 is in the Cr content of the steel, indicating that Z phase behavior depends on the Cr content of the steel. It has been reported 13) that M 2 X changes to a Z phase during creep exposure. In T122-d, several M 2 X particles were observed before creep, as shown in Fig. 5 , leading to the acceleration of Z phase formation during creep exposure. The mean metallic compositions of the Z phases and M 2 X for T122-d after creep exposure are listed in Table 3 . If the V and Nb contents increase in the M 2 X, M 2 X can change to a Z phase. The presence of a Z phase with lower Nb content in T122 may be related to the previous existence of M 2 X. Figure 9 shows the size distributions of the Z phase around prior austenite grain boundaries and/or packet Danielsen et al. 19) reported that the driving force of Z phase formation depends on the Cr content in high Cr ferritic steels. In T122-d, Z phase formation should be faster, since the Cr content of T122-d is the highest among the steels studied. The difference in the driving force for Z phase formation can be predicted to lead to differences in the mean size of the Z phases shown in Fig. 9 . The size of the Z phases is obviously larger than that of the MX carbonitrides shown in Fig. 6 . Therefore, the contribution of the Z phase itself to strengthening of the material will be smaller than that of MX carbonitrides.
Size Distribution and Number Density of the Z Phase
The number densities of the Z phases around prior austenite grain boundaries and/or packet boundaries for samples crept for long-term are listed in Table 4 . The interparticle spacing of the Z phases, l, was also calculated from the number density p using the equation lϭ1√ෆ p. The inter-particle spacing of the Z phases was evaluated to be between 1.1 and 2.7 mm in all of the steels. It was reported 26 ) that typical inter-particle spacings of M 23 C 6 , MX, and Laves phases are 0.26, 0.32, and 0.41 mm, respectively. The inter-particle spacing of the Z phases observed here is much larger than those of other precipitates. Z phase formation itself cannot give rise to higher Orowan stress, in contrast with other precipitates. Figure 10 shows the change in the number density of the Z phases during creep exposure at 873 K. All data was obtained from samples ruptured after about 7 000 to 40 000 h. The number density of T92, T122-s, and T122-d increased with increasing time to rupture, while the number density of T91 did not change during creep exposure. The order of the number densities of the Z phases is T122-d (12.10 mass% Cr), T91 (8.70 mass% Cr), T122-s (10.65 mass% Cr) and T92 (9.50 mass% Cr). This order corresponds to that of the Cr content of the steels, except for T91. This result is in good agreement with the prediction by Danielsen et al. 19) In the next section, we will discuss the reason for the higher number density of Z phases in T91 in spite of the smaller Cr content. In T122-d, the strengthening effect of MX carbonitrides abruptly decreases after long-term creep exposure in contrast with other steels, in which a large number of Z phases consume many MX carbonitrides around prior austenite grain boundaries. The disappearance of MX carbonitrides promotes a preferential recovery of lath structures 9) around prior austenite grain boundaries. This can lead to an abrupt drop in creep strength, shown in Fig. 1. 
Effect of Stress and/or Strain on Z Phase Behavior
The Z phase distributions in the gauge and grip portions of T91 and T122-d are shown in Fig. 11 . A large number of Z phases can be clearly seen in the gauge portions in contrast with the grip portions for both steels. The number density of the Z phase is also indicated in the figure. The number density of the Z phase in the gauge portion is two to four times larger than that in the grip portion, indicating that stress and/or strain accelerates Z phase precipitation during creep exposure. In Fig. 10 , the number density of the Z phases in T91 is higher in spite of a lower Cr content. If creep strain accelerates Z phase formation, it can be predicted that the amount of Z phase is higher in largely deformed material. Figure 12 compares rupture elongations among the steels at 873 K. The rupture elongation in T91 is higher than those in T92 and T122 at almost the same time. This indicates that the amount of creep deformation in T91 can be larger than those in other steels. In short, it is likely that the number density of the Z phases in T91 is higher due to the large amount of creep strain. We compared the metallic composition of the Z phases in the gauge and grip portions. However, we did not find a difference in the metallic compositions between the gauge and grip portions.
In order to predict the effect of Z phase formation on the degradation of creep strength in actual components, we need to clarify quantitatively the influence of stress and strain on Z phase formation during creep exposure in the Table 4 . Number density and inter-particle spacing for Z phase in all steels. future.
Conclusions
Z phase precipitation behavior was investigated after long-term creep exposure in T91, T92, T122 without d-ferrite and T122 with d-ferrite using elemental mapping through EF-TEM. The results are summarized as follows.
(1) Z phases precipitate around prior austenite grain boundaries and/or packet boundaries after creep exposure in all steels. In T122 with d-ferrite, a large number of Z phases are also located around d-ferrite regions. The MX carbonitrides around prior austenite grain boundaries and/or packet boundaries seem to be consumed by Z phase formation.
(2) The Z phase mainly consists of Cr, V and Nb. The main metallic composition of the Z phase is not different between T91 and T92 after creep exposure. The Nb content of the Z phase in T122 is lower than those in T91 and T92. The main metallic composition of the Z phase does not depend on precipitation sites such as prior austenite grain boundaries or d-ferrite regions.
(3) The size distribution of the Z phases is almost the same among the steels studied. The mean diameter of the Z phases in T122 with d-ferrite is relatively large in spite of the shorter creep exposure time compared with T91 and T92. The number density of the Z phases is 1.4 to 8.0ϫ 10 11 m Ϫ2 in samples crept for 22 000 to 40 000 h at 873 K. The number density increases with increasing time to rupture except for T91. The order of number density of the Z phases is T122 with d-ferrite, T91, T122 without d-ferrite, and T92. This order relates to the Cr content of the steel. The highest number density of Z phases in T122 with dferrite contributes to an abrupt decrease in creep strength since Z phase formation consumes a large number of MX carbonitrides.
(4) In crept samples, the number density of Z phases in the gauge portion is two to four times larger than that in the grip portion. Stress and/or strain accelerate Z phase precipitation during creep exposure. Stress and/or strain do not influence the main metallic composition of the Z phase.
